Context: Skeletal muscle endocannabinoids and sphingolipids (particularly sphingomyelins) are inversely associated with sleeping energy expenditure (SLEEP) in humans. The endocannabinoid system may increase sphingolipid synthesis via cannabinoid receptor-1.
within that system (2) . Systemic reduction of ECS tone in humans and rodents increased energy expenditure (EE) (5) (6) (7) , and lower skeletal muscle ECS activity increased insulin sensitivity and glucose uptake (8) (9) (10) . These studies point to a negative effect of the ECS on skeletal muscle energy metabolism and the thermogenic response to glucose (11, 12) . Consistent with this, we reported that skeletal muscle anandamide (AEA) and 2-arachidonoylglycerol (2-AG) are important determinants of daily EE in humans, explaining a large amount of the interindividual variance in EE, particularly sleeping energy expenditure (SLEEP) (4) . Furthermore, AEA and 2-AG are commonly produced together with their congeners, oleoylethanolamide (OEA) and palmitoylethanolamide (PEA), and, as opposed to the negative effect of endocannabinoids on EE, higher OEA and PEA concentrations in skeletal muscle may instead lead to higher EE because, in vitro, OEA and PEA increase mitochondrial activity (13, 14) and lipolysis in skeletal muscle (15) . Human adipose tissue OEA concentration was reported to be positively associated with fat oxidation rate (4) . Thus, comparable to endocannabinoids, OEA and PEA may be feasible effectors of human EE via an effect on mitochondrial activity.
Sphingolipids are a different class of lipids shown to be major determinants of SLEEP (16) . Specifically, human skeletal muscle ceramide and sphingomyelin concentrations were negatively associated with SLEEP and positively associated with weight gain in Native Americans who are overweight (16) . Possible cellular mechanisms underlying this link include sphingolipid-induced reduction in mitochondrial respiratory activity due to increased uncoupling (17) (18) (19) .
It has been proposed that the ECS may affect intracellular sphingolipid content (20) (21) (22) (23) , suggesting a possible crosstalk between these two entities that might explain their mutual effects on EE. For instance, a lower ECS tone in diet-induced insulin-resistant mice was associated with decreased hepatic ceramide synthesis (21) . This finding corroborates the hypothesis that a higher ECS tone may lead to greater intracellular ceramide content (20, 22, 23) , thus reducing mitochondrial respiratory activity and ultimately wholebody energy metabolism (20, 24, 25) . The ECS may increase sphingolipid synthesis via gene expression regulation of the enzyme serine palmitoyltransferase (SPT), which catalyzes the rate-limiting step of ceramide and sphingomyelin synthesis (21, 23, 26) . Accordingly, in vitro and mouse models have shown that a higher ECS tone upregulates SPT activity (21) (22) (23) and the ceramide content in hepatocytes (21) , possibly by increased serine palmitoyltransferase long chain subunit 3 (SPTLC3) expression (one of the SPT regulatory subunits) (21, 27) . This effect was mediated by cannabinoid receptor-1 (CB 1 , CNR1) (21) .
Sphingomyelins are functionally closely related to ceramides (16, (28) (29) (30) . In comparison with the latter, however, the former play a more dominant role in human EE regulation (16) . Given the in vitro and animal model evidence that the ECS increases sphingomyelin synthesis, and to understand the relative importance of these lipid entities in human EE regulation, we hypothesized that the content of endocannabinoids AEA and 2-AG, as well as their congeners OEA and PEA, in human skeletal muscle is associated with sphingomyelin content, supporting their biological crosstalk; and endocannabinoids, OEA, and PEA mediate the effect of sphingomyelins on SLEEP, corroborating the active role of ECS in sphingomyelin synthesis. To further confirm the interplay between the ECS and sphingomyelins in human skeletal muscle, we also assessed the relationship between CNR1 and SPTLC3 mRNA expression in this tissue.
Subjects and Methods

Subjects and clinical assessment
Data from 53 Native Americans of at least half Southwestern heritage who, between February 1995 and March 2009, participated in an ongoing study to identify risk factors for diabetes and weight gain (clinicaltrials.gov, NCT00340132) were included in the current analyses. Having provided written informed consent, healthy individuals were admitted to our clinical research unit for 8 days and placed on a weight-maintaining balanced diet to ensure weight stability within 1% of admission weight for the entire length of the inpatient stay (31) . Subjects were nondiabetic, as determined by 75-g oral glucose tolerance test (Beckman Instruments, Fullerton, CA, or Autoanalyzer, Technicon, Tarrytown, NY) (32) . Body fat-free mass (FFM), fat mass (FM), and percentage body fat were assessed with dual-energy X-ray absorptiometry (DPX-1; Lunar Radiation Corp., Madison, WI) (33) . Skeletal muscle tissue was acquired from the vastus lateralis muscle by percutaneous needle biopsy under local anesthesia (1% lidocaine). Samples were snap-frozen and stored at 280°C until analysis.
The study was approved by the Institutional Review Board of the National Institute of Diabetes and Digestive and Kidney Diseases.
Measurement of skeletal muscle lipids
Combined liquid chromatography/mass spectrometry was used to measure concentrations of sphingomyelins, endocannabinoids, and endocannabinoid congeners OEA and PEA in a single set of analysis, respectively (4, 34) . For sphingomyelins, extraction of lipids from muscle tissue was performed with a 3-mL 2:1 chloroform/methanol mixture with internal sphingomyelin standard. Then, organic phases were collected and, after a nitrogen drying process, dissolved in methanol/chloroform (3:1, vol/vol). For endocannabinoids and their congeners, frozen tissues were homogenized in methanol (1 mL/100 mg tissue) containing internal endocannabinoid standards. Extraction of lipids was performed with chloroform/water (2:1, vol/vol), and organic extract was collected by centrifugation (3000g for 15 minutes at 4°C) with consequent fractionation (Silica Gel G, 60-Å 230-400 Mesh ASTM; Whatman, Clifton, NJ).
Sphingomyelins, endocannabinoids, OEA, and PEA were identified by liquid chromatography/mass spectrometry (1110-LC system; Agilent Technologies, Inc., Palo Alto, CA) and separated on a Poroshell/XDB Eclipse C18 column (Agilent Technologies) at 30°C and 40°C, respectively. A linear gradient of methanol in water (containing 5 mM ammonium acetate and 0.25% acetic acid for sphingomyelins) was applied at a flow rate of 1 mL/min. Mass spectrometry detection was kept in the positive ionization mode with capillary voltage at 4.5/3 kV and capillary exit at 151/120 to 140 V for sphingomyelins, endocannabinoids, OEA, and PEA, respectively. Nitrogen was used as a drying gas (350°C, flow rate 10/13 L/min for sphingomyelins and endocannabinoids, respectively). For identification of sphingomyelin species, fragmentation patterns during mass spectrometry and liquid chromatography retention rates were compared with standards (Avanti Polar Lipids, Plymouth Meeting, PA). For endocannabinoids and their congeners, Na + adducts were monitored in the selective ion-monitoring mode.
Because of incomplete lipid measurement, in subjects with valid SLEEP measurement, 30 subjects had complete assessment of endocannabinoids, OEA, and PEA, whereas 29 subjects had complete measurements of sphingolipid content in muscle.
Metabolic assessment
SLEEP, as a proxy for basal metabolism, was derived from 24-hour EE assessment in a whole-room indirect calorimeter during energy balance: 24-hour EE was estimated as the average EE during all 15-minute sampling intervals from 8:00 AM until 7:45 AM of the next morning and extrapolated to 24 hours. Measurement of spontaneous physical activity by radar systems (35) allowed the calculation of SLEEP, estimated as the energy expended overnight between 11:30 PM and 5:00 AM of the next day when spontaneous physical activity was ,1.5% (36) . Of 53 subjects with lipid assessment in skeletal muscle, 30 were informative for SLEEP. Because we previously showed that sphingomyelin content was a strong determinant of SLEEP in this population (16) , mediation analyses focused on SLEEP.
Microarray analysis
Microarray analysis was performed in skeletal muscle samples of a subset of 106 healthy, nondiabetic subjects (of at least half Southwestern heritage; Table 1 ) participating in our phenotyping study from March 1992 to February 2005.
Microarray analysis was used to quantify mRNA expression levels and, specifically, allowed CNR1 gene expression assessment in skeletal muscle. CNR1 codes for the endocannabinoid receptor CB 1 , which is involved in skeletal muscle metabolic regulatory processes and biosynthesis of sphingolipids (21) (22) (23) 37) . Additionally, gene expression of the SPT subunit shown to be affected by an altered ECS tone in hepatocytes (SPTLC3) was assessed (21) . These analyses allowed correlation assessment between muscle CNR1 and SPTLC3 gene expression. For detailed description of SPTLC3 and CNR1 expression assessment, see the Supplemental Materials.
Statistical analysis
SAS Enterprise Guide 7.1 (SAS Institute, Inc., Cary, NC) was used for all statistical analyses. Nonnormally distributed data were log 10 -transformed to ensure a Gaussian distribution. The ShapiroWilk test was used to test for normality of data with a P threshold of 0.05. The Pearson correlation index (r) was used to quantify the association between continuous variables. The residuals of SLEEP (residual SLEEP) were calculated via linear regression analysis after adjustment for FFM, the strongest predictor of SLEEP as previously reported (38) , and used in the mediation analyses. The regression equation for the current study group was SLEEP predicted ¼ 19:0 3 FFM ðkgÞ þ 554:8 kcal=d;
and residuals were calculated as SLEEP measured 2 SLEEP predicted . Data are presented as mean 6 SD. A two-sided a of 0.05 was set.
To test our hypothesis (i.e., whether the endocannabinoids AEA and 2-AG, as well as OEA and PEA, are associated with global sphingomyelin content in skeletal muscle), z scores for each detected sphingomyelin were calculated and averaged to derive an overall sphingomyelin score (SM cont ) for each subject:
where n is the total number of individual sphingomyelins (Table 2) . To obtain a global sphingomyelin score, z scores were calculated for each sphingomyelin to account for different ranges of sphingomyelin concentrations within skeletal muscle. SM cont was considered in correlation analyses with endocannabinoids and their congeners, and in case of a significant association with SM cont , post hoc correlation analyses were conducted for single sphingomyelin compounds, particularly those previously reported to be the strongest determinants of residual SLEEP (SM18:1/23:0, SM18:1/23:1, and SM18:1/26:1) (16).
After correlation analyses, mediation analyses based on hierarchical multivariable regression models (39, 40) were carried out to quantify the effects of endocannabinoids on the relationships between sphingomyelins and residuals of SLEEP in n = 29 subjects. In our mediation framework, the total effect of sphingomyelin (independent variable) on residual SLEEP (dependent variable) was partitioned into an endocannabinoidspecific effect exerted by AEA, 2-AG, OEA, or PEA; and a direct effect of sphingomyelins per se independent of endocannabinoids, OEA, or PEA. The Sobel test was used to determine the significance of the endocannabinoid-specific effect (41) , to test whether endocannabinoids or their congeners accounted for the association between sphingomyelins and residual SLEEP.
Results of the Sobel test were confirmed by bootstrapping (data not shown). First, a mediation analysis was conducted considering overall SM cont as independent variable; subsequently, in case of significant endocannabinoid-specific effect by AEA, 2-AG, OEA, or PEA on residual SLEEP, the three sphingomyelin compounds (SM18:1/23:0, SM18:1/23:1, and SM18:1/26:1) previously reported to be strongest determinants of residual SLEEP (16) , were also included in the mediation analysis. Path coefficients are reported as mean 6 SE with their significance. To assess whether studied groups were different considering subjects with complete skeletal muscle lipid assessment, as well as complete SLEEP and endocannabinoid (n = 30) or sphingolipid (n = 29) assessment, respectively, unpaired t tests were performed. Subgroup comparison included age, sex, FFM, FM, percentage body fat, SLEEP, and skeletal muscle lipid content. Sensitivity analyses comparing the overall group of 53 subjects with lipid assessment in skeletal muscle and 106 subjects with microarray analysis performed included age, sex, FFM, FM, and percentage body fat.
Results
The characteristics of the study group are reported in Table 1 , and concentrations of detected endocannabinoids and their congeners, as well as sphingolipid compounds in skeletal muscle, are reported in Table 2 . FFM was a significant predictor of SLEEP (b = 19.0 6 3.0 kcal/d/kg, r 2 = 0.59, P , 0.0001) in 30 subjects with complete EE assessment. On average, the lipid (n = 53) and microarray (n = 106;
Supplemental Table 1 ) study cohorts did not differ by age, sex, FM, FFM, and percentage body fat (all P . 0.05). In sensitivity analyses, concentrations of endocannabinoids and their congeners, sphingomyelin content, age, sex, FFM, FM, and percentage body fat did not differ between subjects with skeletal muscle lipid measurements (n = 53) and those who had valid SLEEP assessment (n = 30 for subjects with endocannabinoid, OEA, and PEA measurements and n = 29 for subjects with sphingolipid measurements; all P . 0.05). In the latter two groups, SLEEP was not different (P . 0.05).
Relationships between sphingomyelins, endocannabinoids, and gene expression levels AEA (r = 0.45, P = 0.001), 2-AG (r = 0.47, P = 0.0004), OEA (r = 0.27, P = 0.05), and PEA (r = 0.53, P , 0.0001) concentrations in skeletal muscle were associated with SM cont (Fig. 1A-1D, respectively) . Further exploration of these associations with individual sphingomyelin compounds (Table 2) showed that investigated endocannabinoids and their congeners OEA and PEA positively correlated with several specific sphingomyelins (0.28 # r # 0.59; Supplemental Table 2 ). Importantly, AEA was associated with SM18:1/23:0 (r = 0.39, P = 0.004), SM18:1/23:1 (r = 0.39, P = 0.005), and SM18:1/26:1 (r = 0.39, P = 0.004), the three sphingomyelin compounds reported to be the strongest determinants of residual SLEEP in Native Americans (16) . Conversely, 2-AG did not correlate with any of these three sphingomyelin species (all P . 0.05). Both OEA and PEA were associated with SM18:1/23:1 (r = 0.31, P = 0.03 and r = 0.35, P = 0.01, respectively) and SM18:1/26:1 (r = 0.39, a n = 52 (35 men, 17 women) because of the exclusion of one subject with highly leveraged PEA concentrations. P = 0.01 and r = 0.39, P = 0.005, respectively) also (Supplemental Table 2 ). In our larger study subgroup with gene expression data (n = 106), CNR1 and SPTLC3 gene expression levels in skeletal muscle were positively correlated (r = 0.29, P = 0.003; Fig. 1E ).
Endocannabinoids account for the sphingomyelin effect on SLEEP
Mediation analyses were performed to test whether, for AEA, the effects of SM cont , SM18:1/23:0, SM18:1/23:1, and SM18:1/26:1 on residual SLEEP were accounted by AEA as an antecedent mediator. Conditions to perform mediation analyses for AEA were met, given the positive association of these lipids with SM cont and specific sphingomyelin compounds, as well as reported associations of sphingomyelins (16) and AEA (4) with residual SLEEP, respectively. Notably, both SM cont (r = 20.55, P = 0.002; Fig. 2A ), AEA (r = 20.61, P = 0.0003; Fig. 2B ), and 2-AG (r = 20.55, P = 0.0002; Fig. 2C ) were inversely associated with residual SLEEP in the current study population, confirming our previous reports (4, 16) .
The effect of SM cont on residual SLEEP accounted by AEA made up~43% (261.9 6 31.9 kcal/d per SD unit increase in SM cont , P = 0.04) of the total effect of SM cont on residual SLEEP (2142.8 6 41.6 kcal/d per SD unit increase in SM cont , P = 0.002). This effect due to AEA accounted for 77% of the effect of SM cont per se on residual SLEEP (280.9 6 44.1 kcal/d per SD unit increase in SM cont ), which was negligible after we accounted for AEA (P = 0.09).
Because the effect of SM cont on residual SLEEP was dependent on AEA, post hoc mediation analyses were performed for the three specific sphingomyelin species (SM18:1/23:0, SM18:1/23:1, and SM18:1/26:1) that strongly associated with residual SLEEP (16) . Figure 3A shows the mediation scheme for SM18:1/23:1. The endocannabinoid-specific effect of SM18:1/23:1 on residual SLEEP exerted by AEA accounted for 54% (2215.9 6 109.7 kcal/d per pmol/g increase in SM18:1/23:1, P = 0.04, Fig. 3B ) of the total effect of this sphingomyelin on residual SLEEP (2402.6 6 146.7 kcal/d per pmol/g, P = 0.03). The effect of SM18:1/23:1 on residual SLEEP accounted by AEA was 1.2 times greater than the effect of this sphingomyelin per se, which was insignificant (P = 0. 
Discussion
The current study investigated whether in skeletal muscle the endocannabinoids AEA and 2-AG and their congeners OEA and PEA influence the previously reported inverse association between sphingomyelin content and SLEEP in Native Americans of Southwestern heritage. In agreement with in vitro and rodent studies describing a biological link between the ECS and cellular sphingolipid content (20) (21) (22) (23) , we showed that AEA, 2-AG, OEA, and PEA concentrations positively correlated with the sphingomyelin content in skeletal muscle. Additionally, the concentrations of specific sphingomyelins previously shown to account for a large amount of the interindividual variance in SLEEP in this same ethnic group (16) were all associated with AEA but not with 2-AG. Importantly, the results of our mediation analyses indicate that AEA substantially contributes (54%) to the negative association between these sphingomyelins and SLEEP. Supporting the assumption that the ECS may increase sphingolipid synthesis via the CB 1 receptor (21-23), CNR1 expression in skeletal muscle positively correlated with the expression of SPTLC3, the same SPT subunit reported to respond to ECS tone in rodent hepatocytes (21) . Taken together, our results indicate that a decrease in whole-body EE as part of the peripheral effect of endocannabinoids acts through sphingomyelins and that, in skeletal muscle, AEA substantially contributes to and is responsible for the sphingomyelin effect on sleeping EE.
Endocannabinoids and sphingolipids are lipid signaling molecules that regulate human energy metabolism (4, 10, 16, 30, 42) . In in vitro studies of rodent and human skeletal muscle, sphingolipids were shown to interfere with mitochondrial oxidative activity and integrity (17, 18) . Endocannabinoids may exert their influence on EE via a negative regulatory effect on skeletal muscle glucose uptake. In rodent studies, administration of inverse agonists to the CB 1 receptor led to an increase in skeletal muscle glucose uptake and to improvement in insulin sensitivity (8, 9) , findings consistent with impaired insulin signaling observed in isolated human skeletal muscle tissue upon incubation with AEA (10). Skeletal muscle is the major organ responsible for serum glucose disposal (11) and, as part of FFM, a contributor to human EE (11, 35) . Obese subjects with hyperglycemia experience a lower rate of carbohydrate oxidation and higher rate of fat oxidation (43) , and with impairment of glucose tolerance the thermogenic response to glucose was shown to decrease in humans (12) . The previously reported inverse association of skeletal muscle endocannabinoid content with EE (4) might therefore be explained by impairment of glucose metabolism caused by a higher ECS tone.
AEA correlated with sphingomyelins in skeletal muscle and mediated the sphingolipid effect on SLEEP, an effect not seen for 2-AG. Although we recently reported inverse associations between both skeletal muscle AEA and 2-AG with EE (4), AEA and 2-AG were also independent predictors of EE, indicating that these lipid Figure 2 . Correlation of the average (A) sphingomyelin content (SM cont ) in skeletal muscle, (B) AEA, (C) 2-AG, and (D) PEA, with sleeping EE adjusted for FFM (residual SLEEP). For correlation of SM cont with residual SLEEP, 29 subjects were included because of incomplete assessment of sphingomyelins. For correlation of PEA with residual SLEEP, 29 subjects were included because of one subject with highly leveraged PEA measurement. As previously shown (4), the association of AEA and residual SLEEP was still significant upon exclusion of two subjects with lower AEA content (all P , 0.05). Pearson correlations and P values are reported. species may affect EE via different pathways (4): AEA has distinct cellular functions in skeletal muscle, including a negative effect on insulin-dependent glucose uptake (10), thus explaining a link between EE and AEA. For 2-AG, however, less is known about its role in skeletal muscle metabolism (2, 44) and it may be that 2-AG is involved in pathways with a more indirect effect on metabolism such as skeletal muscle cell differentiation (44) .
The mediation effect of AEA on the inverse association of sphingomyelins with SLEEP provides insight into potential mechanisms underlying the association between endocannabinoids and SLEEP. Although further studies (particularly in skeletal muscle) are warranted to elucidate the underlying biological mechanisms, these results indicate that endocannabinoids and sphingomyelins act in concert to regulate EE and are in line with previous reports of a cellular link between these lipid moieties (20) (21) (22) (23) . As seen for sphingolipids, previous studies reported a negative effect of the ECS on mitochondrial respiration (20, 45) . Reduction of mitochondrial respiratory activity and disruption of mitochondrial integrity attributed to sphingolipid action in skeletal muscle was proposed to involve inhibition of the key positive mitochondrial regulator of mitochondrial respiratory activity protein kinase B (20, 46, 47) . Importantly, AEA-mediated inhibition of protein kinase B activation is dependent on sphingolipids (20, 21) . This common pathway may explain the mediation effect of AEA on the negative association between sphingomyelins and SLEEP. Supporting an impact of these subcellular mechanisms on whole-body EE, higher ECS tone and sphingolipid accumulation in metabolically active tissues are positively associated with obesity in humans (1, 42, 48) , and in our previous studies we showed that the skeletal muscle contents of both endocannabinoids and sphingolipid compounds are strong determinants of human EE (4, 16) . Interestingly, a higher ECS tone increases cellular sphingolipid levels in several tissues (20) (21) (22) (23) , possibly via increased activity of SPT, the central enzyme in sphingolipid synthesis (26) , by the CB 1 receptor (20, 21) . CB 1 receptor antagonism in vitro inhibits de novo ceramide synthesis in hepatocytes, probably via modulation of SPTLC3 expression (21) . We observed an association between SPTLC3 and CNR1 expression, supporting a comparable relationship between the ECS and sphingolipids in skeletal muscle. Although assumptions about protein content and activity based on mRNA expression levels must be considered carefully, higher SPTLC3 mRNA levels correlate with sphingolipid accumulation (21, 27) , and for CNR1, increased gene expression increases CB 1 receptor availability (49, 50) . Therefore, the association between skeletal muscle SPTLC3 and CNR1 expression might reflect a role for the ECS in muscle sphingolipid synthesis. Although https://academic.oup.com/jcemstudies indicate that endocannabinoids increase cellular sphingolipid content via the CB 1 receptor (21, 24), which in turn would reduce whole-body energy metabolism (51), the current association between SPTLC3 and CNR1 gene expression must be confirmed by future functional studies in skeletal muscle. Ceramide studies provide the bulk of evidence that sphingolipids reduce mitochondrial activity via lipid signaling (18, 20, 29, 30, 42) . It has previously been proposed that both ceramides and sphingomyelins might be involved in similar signaling pathways (16, (28) (29) (30) , consistent with the tight link between these two sphingolipid subgroups (22, 29, 30) . Ceramides participating in cellular signaling are created mainly by hydrolysis of sphingomyelins (22, 29) , and, conversely, most newly synthesized ceramides are transformed into sphingomyelins (30) . Accordingly, alongside ceramides, the sphingomyelin content in skeletal muscle was previously shown to be a determinant of human EE, particularly SLEEP (4). In that study, however, sphingomyelins appeared to have a stronger negative effect on SLEEP compared with ceramides, rendering them candidates for further exploration regarding their role in energy balance regulation (16, (28) (29) (30) . Additionally, sphingomyelins play a central role in pathways leading to ceramide accumulation, as mediated by the ECS via sphingomyelin hydrolysis (22) or by SPT-dependent de novo synthesis (21, 22) . Thus, an ECS-induced increase in ceramide synthesis and a subsequent ceramide-mediated decrease in mitochondrial respiratory activity may also involve sphingomyelins (20, (24) (25) (26) . Our present results are consistent with a key role for sphingomyelins in EE control and with an influence of the ECS on skeletal muscle sphingomyelin content.
Studies using murine cell models proposed that OEA may activate lipolysis in skeletal muscle via stimulation of peroxisome proliferator-activated receptor a (15). Possibly via stimulation of the transient receptor potential cation channel subfamily V member 1 in skeletal muscle (13, 52) , OEA and PEA might improve mitochondrial function in a calcium-dependent way (13) . These mechanisms might explain how, via an increase in mitochondrial activity, greater content of OEA and PEA in skeletal muscle may ultimately lead to higher EE (16, 17, 37) . Although in our study both OEA and PEA correlated with skeletal muscle sphingomyelins and an inverse association between PEA and SLEEP was observed, both lipids did not mediate the sphingomyelin effect on SLEEP. For OEA, a possible explanation may be that, in humans, this lipid plays a more dominant role in regulating lipolytic activity in adipose tissue but not in skeletal muscle (4) . The association of PEA with SLEEP suggests that it could act as a lipid regulator of human EE, although this association was no longer significant after we controlled for AEA. Importantly, the lack of a mediation effect by PEA on the relationship between SM and SLEEP indicates that sphingomyelins and PEA may not interact to regulate whole-body EE in our study group.
One assumption of the current study is that the skeletal muscle endocannabinoid and sphingomyelin content in the vastus lateralis muscle are representative of other type 1 muscle fibers. To our knowledge, comparisons of the muscle endocannabinoid and sphingomyelin content across the human body are not available. However, human skeletal muscle (vastus lateralis muscle), subcutaneous adipose tissue, and plasma sphingomyelin content are correlated (16) , supporting the idea of a common distribution of sphingomyelins across tissues. Furthermore, our cohort is composed by Native Americans of Southwestern heritage, which may limit the generalizability of our results to other populations, although previous metabolic studies from this cohort have been confirmed in other populations (53) . The homogeneity of our study group is a strength because our measures are less prone to confounders. We acknowledge that functional studies of the endocannabinoid influence on sphingomyelin synthesis in relation to energy metabolism and mitochondrial activity are still needed to elucidate the underlying cellular mechanisms.
To conclude, in Native Americans of Southwestern heritage, the endocannabinoid and sphingomyelin contents in skeletal muscle are correlated. Mediation analyses demonstrated that AEA is responsible for the inverse association between sphingomyelins and SLEEP, indicating that these lipid entities probably interact in regulating SLEEP in this population. Therefore, because the ECS remains a promising target for obesity treatment, the link between the ECS and sphingomyelins in human energy balance control might provide a salient pathway for future pharmacological interventions.
